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Validation through association mapping. The BeanCAP Middle American Diversity Panel
161
(MDP) (26) was grown to determine, using the desiccation method, whether the Pv03 PvPdh1 162 locus was related to PD in a broader population. A genome-wide association study (GWAS) 163 indicated that the SNP closest to PvPdh1 in physical distance was also the most significantly 164 associated with PD ( Fig. 3A , MAF threshold = 0.1). This SNP (S1_149243152) was 5.7 kb from 165 the polymorphism in PvPdh1. Pv06 and Pv08 also included loci significantly associated with 166 PD.
167
GWAS was also conducted in the Andean diversity panel (ADP) (27) to determine which 168 loci control PD in this independently domesticated population. Chromosomes Pv03, Pv05, Pv08, 169 and Pv09 all included major regions significantly associated with PD ( Fig. 3B ). The QTL on 170 chromosome Pv08 was in an overlapping physical position with a QTL from the MDP (Fig. 3A) .
171
In both the Andean and Middle American gene pools, PD varied greatly between market 172 classes (Table S4 ). In Andean beans, PD after desiccation averaged 3% in the purple speck 173 market class and 41% in the cranberry types. In Middle American beans, averages were below 174 1% for pinto types of race Durango, and as high as 18% in the black beans of race Mesoamerica.
175
Members of Middle American race Mesoamerica displayed considerable variation in PD. GWAS 176 using only members of this race (MDP with PC1 > 50) showed that the Pv08 QTL was most 177 closely associated with PD in the population (Fig. S9 ). SNP S1_329543689, near the center of 178 this interval of interest, was used for subsequent analyses. The region near PvPdh1 did not 179 include significant SNPs in this race, further indicating that races Durango and Mesoamerica rely 180 on different genes for PD resistance.
181
To visualize the correlation between PD and population substructure in the MDP, PD was 182 plotted against the first principal component of the genetic data. Each point was color-coded by 183 its allele at the GWAS SNP peaks on Pv03 (S1_149243152, 5.7kb from PvPdh1) and Pv08 (SNP 184 S1_329543689) ( Fig. 4) . Members of the MDP with the Pv03 PD resistance allele exhibited 185 mean PD in the desiccator of 0.0067, with a maximum value of 0.14. In genotypes with no 186 known resistance allele, the mean level of PD was 0.206 and ranged up to 0.63 (Fig. 4) . A reduction in PD is a fundamental component of the domestication syndrome in common bean (15), and 191 is important for future green and dry bean production and food security. In snap beans, a major gene - controls the presence or absence of pod strings and PD (Prakken, 1934; Koinange et al. 1996) . For dry 193 beans, we report here three novel QTLs mapped for the trait (on Pv03, Pv08, and Pv09), confirm a QTL 194 on Pv05, identify a putative causal polymorphism in the PvPdh1 gene underlying the major QTL on 195
Pv03, and describe the association between Pv03, Pv05, and Pv08 QTLs and climate variables, especially 196 precipitation. 197 198 Anatomical differences among wild and domesticated types. Our microscopy results are 199 consistent with those of previous researchers, who noted that reduced lignification in the LFL is 200 correlated with reduced PD among wild beans, domesticated dry beans, and domesticated snap beans (2, 201 3, 28). However, we were not able to identify anatomical differences responsible for the variation in 202 dehiscence among dry bean cultivars. This is consistent with the pattern seen in GmPdh1 in soybean (8) 203 and the expected result of a mutation in PvPdh1. Indeed, PvPdh1 is thought to modify the biochemical 204 structure of lignin, rather than its total quantity or cell fate in the relevant pod structures. A loss of 205 function mutation in this gene would therefore not lead to clear anatomical differences relative to the 206 wild-type. 207
PvPdh1 as a candidate gene for the Pv03 QTL identified in this study. The strict 208 conservation of the threonine at position 162 in PvPdh1 highlights its functional importance. Of 209 the 100 most similar known protein models, the one that lacks a threonine at this position is 210 found in Trifolium subterraneum, a legume that produces pods that mature underground. PD is 211 not relevant for seed dispersal in this species, and the gene may be undergoing pseudogenization.
212
This threonine is maintained in the proteome of Selaginella moellendorffii, indicating that the 213 residue has been conserved since before the lycophyte-euphyllophyte divergence. This coincides 214 with the origin of lignin and lignans, and indicates the residue's functional role for members of 215 the protein family. In a remarkable example of parallelism, independent loss of function 216 mutations in this gene are found in certain domesticated populations in soybean (G. max) and in 217 P. vulgaris, both species being subjected to selection for reduced dehiscence. This provides an 218 additional example of strongly convergent phenotypic and molecular evolution (29). Similar 219 examples of parallel evolution in common bean included the determinacy trait (fin or PvTFL1y;
220
(30, 31)) and absence of pigmentation (P; (32)).
Further research is needed to identify the biochemical and biophysical aspects 222 responsible for differences in PD in domesticated dry beans. Notably, our results could shed light 223 on the fundamental process of lignin synthesis. Dirigent-like genes, including PvPdh1, encode 224 non-enzymatic proteins that guide the dimerization of lignin and lignan monomers (33). The role 225 of these proteins in lignin synthesis has been debated, with suggestions that polymerization is (Table 1 ). Our ADP association mapping identified significant Pv03 SNPs in an interval that is 232 syntenic with a region controlling dehiscence in cowpea (36). NAC family and C2H2-type zinc 233 finger transcription factors are found in this region (Table 1) , and members of these families 234 affect PD in soybean (6) and rapeseed (37), respectively. Orthologs of these genes may also 235 affect dehiscence in cowpea (36). Interestingly, the QTL is large enough to include PvPdh1,
236
although the QTLs discovered in Middle American beans and cowpeas are non-overlapping.
237
Another major QTL for PD in Andean beans maps to Pv05, as described recently (18), another potential subject of future study.
246
Several genes of interest exist near the middle of the ADP's Pv08 GWAS peak. These 247 include a MYB family transcription factor with similarity to A. thaliana MYB17, three WRKY 248 family transcription factors, which are related to genes involved in sorghum dehiscence (40), and 249 a polygalacturonase, a group known to influence PD in A. thaliana (41) ( Table 1 ).
250
The Pv09 GWAS peak found in the ADP included a gene predicted to be cellulose 251 synthase A7 (CESA7, Table 1 ). CESA7 may play a role in fiber development in cowpea (39).
Similarly, two polygalacturonases are found in this interval, and members of this family are 253 known to affect seed dispersal in A. thaliana (41). These genes may regulate dehiscence by 254 altering the breakdown of cell wall material in developing pods. Identifying polymorphisms in 255 PD candidate genes will be a promising area for future study.
257
Associations with environmental conditions. PD in common bean is correlated with 258 environmental parameters. The PD-resistant allele of PvPdh1 on Pv03 is found exclusively in 259 genotypes with ancestry from race Durango ( Table 1) . Race Durango is adapted to higher 260 elevations and lower humidity regions, particularly in the northern part of Mexico (13). The 261 semi-arid conditions in these areas cause pods to become dry and brittle, which exacerbates PD.
262
The non-functional PvPdh1 allele rose to very high frequency in this ecogeographic race. In 263 contrast, race Mesoamerica is adapted to humid lowlands, where environmental conditions mask 264 PD and reduce selection pressure against it. In this race, the loss-of-function PvPdh1 allele 265 remains at low frequency and PD is widespread ( Fig. 4A ). Interestingly, this ecogeographic 266 pattern closely parallels that of soybean, in which Pdh1-mediated resistance to PD is most 267 common in arid regions (7) . PvPdh1 may also be responsible for the ease of threshing that has 268 been noted in race Mesoamerica (13). In humid environments, the wild type PvPdh1 allele may 269 facilitate separation of seeds from pod material, while PD in the field remains low. In northern
270
Mexico, the semi-arid climate facilitates threshing but increases PD in the field. Under these 271 conditions, the PD-resistant allele is advantageous. Because of this trade-off, the polymorphism 272 in PvPdh1 appears to be related to local adaptation (Fig. 5 ). Alleles that prevent PD will be 273 valuable in coming decades, which are predicted to be increasingly arid (42).
275
Redundancies in genetic control and maintenance of atavistic traits. Crosses between races 276 have tremendous potential for crop improvement (for example, between races Durango and 277 Mesoamerica (43)), but could also result in problematic gene complementation. Because several 278 genes influence PD redundantly, cultivars descended from crosses between races could 279 demonstrate atavistic transgressive segregation. This may be responsible for the high levels of 280 dehiscence seen in some varieties of common bean. The interactions between these loci will also 281 be of considerable importance for plant breeders.
Methods

284
Details regarding materials and methods can be found in SI Methods. Pods were sectioned for 285 microscopy using a Vibratome. Lignified and hydrophobic structures were visualized using 286 epifluorescence microscopy after staining with Auramine O. 287
The IxS population was genotyped using the Illumina Infinium II BARCBean6K_3 288
BeadChip. In Spring 2014, 238 RILs were grown in an unreplicated trial and visually phenotyped 289 for the presence or absence of PD. In fall 2014, 191 RILs in a partially replicated trial were 290 phenotyped based on proportion of pods dehiscing due to desiccation and force required to 291 cause fracture. The maximum LOD score of 1000 random permutations of the data was used as 292 a significance threshold. 293
Synteny mapping was conducted using LegumeIP 2.0 (44) and CoGe SynMap (45). 294
Candidate genes were identified by NCBI BLAST and clustered through the NCBI portal. Gene 295 expression data were accessed through the Common Bean Gene Expression Atlas (22). 296
PvPdh1 of ICA Bunsi, SXB 405, and RILs of interest was amplified by PCR and sequenced at 297 the UC DNA Sequencing Facility. The COnstraint-Based multiple ALignment Tool (COBALT) 298 (46) was used to align the PvPDH1 amino acid sequence to the most similar documented 299 proteins of the NCBI database. PROVEAN (25) was used to estimate mutational effects. 300
PvPdh1 was sequenced in accessions with known pod shattering phenotypes from 301 NPGS and UC Davis. Because members of the reproductively isolated Andean gene pool did 302 not carry the T162N substitution, these individuals were filtered from subsequent analyses. For 303 Middle American accessions, the categorical shattering scale used by USDA was translated into 304 a simple numeric scale and PD between allele groups was compared using a student's t-test. 305
The ADP (27) consisted of 208 phenotyped accessions, and these were evaluated 306 based on presence of PD in the field, proportion dehiscing in the desiccator, and force required 307 to cause fracture. The MDP (26) included 278 phenotyped varieties that were evaluated by the 308 desiccation method alone. GWAS in both populations were conducted using TASSEL (47) 309 through SNiPlay (48). Manhattan plots were visualized using the qqman R package (49). randomized permutations of the data, is shown as a black bar at LOD=5.80. The common bean 458 ortholog of Pdh1, which regulates PD in soybean, is located between the most significant 459 markers from QTL mapping (Table S1) . where conditions mask PD susceptibility. PD has been selected against less strongly in this 492 population, and the wild type PvPdh1 predominates. For detailed information on the geographic 493 distribution of these races, see Singh et al. (13). 494 the presence or absence of PD, and the data were used as a phenotype for QTL mapping. 521
During the summer of 2014, the RI population was grown in a replicated trial in Davis, 522
California. At maturity, dried pods from 191 RILs were harvested from each plot; these were 523 evaluated for susceptibility to PD by two methods. First, all pods were desiccated at 65°C for 524 seven days, and then returned to room temperature for a minimum of seven additional days. 525
The proportion of pods dehiscence in this process was recorded for each plot. Second, the 526 amount of force required to induce pod fracture was measured using an Imada force 527 measurement gauge (method modified from (2)). A bit mounted to the gauge was used to press 528 the ventral side of each pod at the most apical seed, and the peak force required to cause 529 fracture at the apical end of the pod beak was recorded. Force required for PD was normalized 530
to account for small but significant differences between note-takers, and the standardized score 531 was used for QTL mapping. 532 533
Genotyping. Genomic DNA was extracted from parents and RILs of the IxS population using a 534 modified CTAB protocol. DNA quality was confirmed using a NanoDrop spectrophotometer. The 535
IxS population was genotyped using the Illumina Infinium II BARCBean6K_3 BeadChip (3); 382 536
segregating SNPs were identified in the population. Primers spanning the transcribed sequence 537 of Phvul.003G252100, a candidate gene underlying the major QTL identified in this study, were 538 developed using the NCBI Primer-BLAST tool. Differences in the genomic sequence around 539 Synteny mapping and expression. Candidate genes related to PD were identified in 557
Phytozome 12 (5). Synteny comparisons between common bean and soybean were made 558 using the Legume Information System 2.0 (6); these were verified using available literature (7, 559 8). The CoGe SynMap (9) and LegumeIP 2.0 (6) synteny tools were used to compare syntenic 560 regions between Arabidopsis (Col-0, TAIR10), common bean (G19833, Pvulgaris_V1.0_218; 561 (8)), and soybean (Williams 82, Release 1.1; (10)). For tree generation, the PvPDH1 amino acid 562 sequence was BLASTed against the A. thaliana, G. max, and P. vulgaris proteomes. Default 563
Grishin settings were used to construct the distance matrix. A fast-minimum evolution tree (11) 564 was generated based on a maximum sequence difference of 0.85. Gene expression from a 565 variety of tissues and developmental stages were based on published data (12) and visualized 566 in R. 567 568
Amino acid conservation analyses. The force required for pod fracture. Force measurements resulted in a bimodal distribution, 617
indicating that a single large-effect gene was responsible for much of the population's variation. 618
"Frequency" represents the number of RILs falling into each bin. 619 Targeted mutagenesis of the equivalent residue (T166) in a closely related Arabidopsis protein 679
showed that substituting the threonine with a valine led to a complete loss of gene function 680
(from (25)). 681 682 Fig. S9 . GWAS of pod dehiscence (PD) in Race Mesoamerica (MDP, PC1>50) using GLM in 683 SNiPlay/TASSEL. Pv08 was most significantly associated with variation in PD, although no 684
SNPs achieved significance in this smaller population, the most significant SNPs were located 685 in an overlapping interval on Pv08 as a major QTL of the ADP, indicating that the same gene 686 may be responsible for the variation across populations. MAF threshold = 0.1. 687 Supplemental Tables  688  689   Table S1 . Co-segregation between dehiscence phenotype and position 162 in PvPdh1. The 11 RILs with recombination between the flanking markers from QTL mapping showed perfect correspondence between phenotype and genotype at this position. 
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